Progress towards an in-depth understanding of the final steps of the erythroid lineage development is paramount for many hematological diseases. We have characterized the final stages of reticulocyte maturation from bone marrow to peripheral blood using for the first time single-cell Mass Cytometry (CyTOF). We were able to measure the expression of 31 surface markers within a single red blood cell (RBC). We demonstrate the validity of CyTOF for RBC phenotyping by confirming the progressive reduction of transferrin receptor 1 (CD71) during reticulocyte maturation to mature RBC. We highlight the high-dimensional nature of mass cytometry data by correlating the expression of multiple proteins on individual RBCs. We further describe a more drastic reduction pattern for a component of the alpha4/beta1 integrin CD49d at the very early steps of reticulocyte maturation in bone marrow and directly linked with the mitochondria remnants clearance pattern. The enhanced and accurate RBC phenotyping potential of CyTOF described herein could be beneficial to decipher RBC preferences, as well as still not well understood receptor-ligand interaction of some hemotropic parasites such as the malaria causing agent Plasmodium vivax.
Introduction
Red blood cells (RBCs) are among the most uniform cell populations in the human body. The youngest RBCs in peripheral circulation, the reticulocytes, represent the endpoint of erythropoiesis in the bone marrow [1, 2] . To complete erythropoiesis, central macrophages in erythroblastic islands play instrumental roles providing iron, secreting cytokines, erythropoietin and transcription factors [3] and, very importantly, they perform phagocytosis of the protruding nuclei from the surrounding orthochromatic erythroblasts [4] . Junction maintenance of erythroblastic islands is via αv integrins, VCAM-1 and EMP in macrophages interacting with ICAM-4, VLA-4 and EMP in erythroblasts [5, 6] . A complex number of molecules serves as intermediates in this process (CD151, CD81, CD82, CD44, CD98, CD147, CD163, CD169 and Siglec-1) [7] [8] [9] [10] [11] [12] . Once enucleated, these cells become reticulocytes [13] , which are released to the peripheral circulation to develop within 40 h [14] to fully mature RBCs. In conjunction with this developmental step, the reticulocyte membrane switches from an endocytic state [15] to a maturation from reticulocytes to fully mature RBCs [14] . Immature reticulocytes express higher levels of CD71 whereas during maturation, CD71 levels are reduced to barely measurable. Although composition, abundance, and changes in reticulocyte membrane proteins have been already studied during maturation [20] [21] [22] , current single-cell studies based on flow cytometry have been limited to the number of spectrally resolvable fluorochromes [23] .
Mass Cytometry (CyTOF) is the adaptation of Inductively Coupled Plasma Mass Spectrometry to single-cell analysis [14] and offers the ability to measure up to 40 parameters within a single cell [24] [25] [26] . This study is the first report to apply the powerful CyTOF phenotyping technology to characterize RBCs. Here, we bring a better understanding for the complexity of reticulocyte maturation from bone marrow to peripheral blood and suggest very immature reticulocyte surface molecules such as CD49d to be worth testing upon their role upon Plasmodium vivax (P. vivax) invasion mechanism. (Miltenyi Biotech), washed and re-suspended in MIM. NMB thin blood smears were performed after a 1:1 dilution and 15 min incubation at 37°C to check for purity (generally above 95%). Reticulocytes and mature RBCs were kept at 4°C in MIM until used, always before 2 days post isolation. One bone marrow reticulocyte preparation was obtained from unprocessed whole aspirates (ALLCELLS) following the same protocol as for peripheral blood BC packs, by which nucleated erythroblasts were retained in the Leukocyte Reduction filter. Residual WBC contamination (CD45+ cells) was observed in our peripheral blood samples and slightly higher for bone marrow samples.
Materials and method

Reticulocytes and mature RBCs
Mass cytometry
Commercially available metal-isotope-tagged antibodies against RBC surface markers were purchased from Fluidigm. When non-available, non-conjugated purified antibodies lacking carrier proteins were purchased from other companies (Table 1 ) and these antibodies were custom-conjugated by Fluidigm with heavy metal-preloaded maleimide-coupled MAXPAR chelating polymers (Table 1) . A validation step was performed by Fluidigm to assure their viability (Supplemental Fig. 1 ). CD233 (Band 3) validation was not acceptable and therefore not taken into account for the ulterior analysis. CD234 (DARC) showed lower intensity signal than expected, yet it was acceptable for our purposes of distinguishing the different Duffy blood groups in our samples. In order to determine the differences in surface markers within maturation in RBCs we optimized the company's recommended protocol into a 3 days staining protocol for every sample. On day 1, 1 × 10 7 mature RBCs or reticulocytes were re-suspended in PBS and
Cell-IDTM Cisplatin (Fluidigm) to a final concentration of 5 μM. The mixture was incubated at RT for 5 min followed by a quench staining with MaxPar Cell Staining Buffer (MCSB) (Fluidigm) using 5× the volume of the cell suspension. For antibody staining, the RBC pellet was re-suspended in 50 μL of MCSB. Then 50 μL of metal isotopes labeled antibody cocktail prepared in MCSB, following the company's specifications, was added giving a total volume of 100 μL. 
. Generation of a marker intensity matrix
In order to represent and analyze the data obtained by mass cytometry regarding the intensity of 31 RBC markers for each single cell in sample s (s ≤ 12, s ∈ N1-N4, R1-R8) we generated a matrix M s ij , where i indicates each single cell in specific samples (i ≤ the total number of cells in sample s); and j indicates the specific RBC marker (1 ≤ j ≤ 31).
RBC markers correlation between different RBCs type
For each sample s, we calculated the number of cells N j with specific marker j. It can be represented as:
here, 1 represents the indicator function. Thus, we have a vector (N 
CD71 marker threshold selection
For mass cytometry analysis, reticulocytes from R1-R4 samples were classified in 2 groups based upon CD71 intensity for peripheral blood (< 400 & > 400). We choose this cut-off based on the estimated background signal obtained in fully mature RBCs. The quantile distribution of the CD71 intensity in mature RBCS is 4.69 for 0%, 23.18 for 25%, 45 .47 for 50%, 99.32 for 75% and 381.33 for 100%. Since the biggest CD71 in N cell was~382, we choose 400. With the threshold 400, over 99.9999% cells show non-significant CD71 levels.
Visualization of multiple single-cell data sets
We used the cloud-based platform Cytobank (www.cytobank.org), for analysis and visualization of multiple single-cell data sets simultaneously. We used SPADE (spanning-tree progression analysis for density-normalized events) to cluster over 100,000 sets of single-erythroid data into phenotypically similar cells of hierarchical trees. ) on a BD FACS Aria II. Flow rate for cell sorting was set at 10,000 events/s on a purity mode. All sorting was performed with the sample placed on a pre-cooled chamber at 4°C to avoid room temperature (RT) maturation and subsequent maturation and loss of CD71 on reticulocytes. We confirmed the correct FACS sorting by performing NMB staining and Immunofluorescence (IFA).
Immunofluorescence
To To visualize enucleation on HSC cultures, HSC-derived cultured cells were washed with PBS-0.05% BSA, re-suspended in PBS-0.05% BSA and then stained with anti-human CD71-FITC and DAPI (4,6 diamidino-2-phenylindole) (Life technologies) for 30 min at 4°C. Cells were then washed twice with PBS-0.05% BSA, smeared on a glass slide and acquired in an Operetta platform at 60×.
Hematopoietic stem cells (HSC) cultures
CD34
+ cells were isolated from peripheral blood mononuclear cells (PBMC) (The Interstate blood bank). PBMC were separated by FicollIsopaque (GE Healthcare) density gradient. Briefly, 40 mL of blood was diluted 1:1 with Hanks Balanced Salt Solution (HBSS) containing 0.6% (v/v) ACD and centrifuged at 400g for 30 min at RT without break. After washing the pellet twice, AKT (Gibco) lysis was performed for 10 min at RT, followed by two rounds of washes with HBSS. CD34 + isolated cells were then re-suspended in 10 mL cold autoMACS running buffer (Miltenyi Biotech) before proceeding to immune-magnetic purification in an autoMACS Pro Separator (Miltenyi Biotech) on positive selection mode according to the company's recommended procedure. Then we proceeded to expanding the number of cells in vitro using /flask during the whole process of expansion. At day 8, IMDM medium was depleted of IL-3 and Holotransferrin was increased to 1 mg/mL. After day 11 we Table 1 Antibodies, clones, metal isotopes tagged antibodies and companies used for flow cytometry and mass cytometry analysis. Commercially available metal isotopes tagged antibodies were purchased from Fluidigm. Other antibodies were purchased from other companies and custom-conjugated with heavy metal-preloaded maleimide-coupled MAXPAR chelating polymers by Fluidigm. Targets are termed by their cluster of differentiation (CD) and alternative names. Custom-conjugated antibodies went through an extra validation process by Fluidigm (*) (Supplemental Fig. 1 ). 
Flow cytometry
For flow cytometry phenotypic analysis of HSC-derived cells before and after filtration, 5 × 10 6 HSC-derived cells were washed in PBS/ 0.05% BSA, re-suspended in 100 μL of Brilliant Stain Buffer (BD Horizon) and stained for 30 min at 4°C with the following anti-human antibodies: anti-CD49d-PE (Miltenyi), anti CD36-APC and anti-CD44-APC (Biolegend). Cells were washed twice with PBS/0.05% BSA and over 50.000 events were recorded BD Accuri C6 flow cytometer (BD Biosciences-US). Analysis was performed on a BD FACSDiva v6 Software.
High content imaging
To quantify the mitochondria content of different subpopulation reticulocytes (CD71 with acceleration 6 and deceleration 6 for 3 min at RT in a homemade black MWD centrifuge box on a Sorvall RC6+ centrifuge (Thermo Scientific) with the 96-well plate rotor adaptor to push the cells off the walls of the microwells. Images were obtained following this protocol: MWDs were scanned with brightfield at 2× objective at exposure time of 5 ms and 2 μm height, to serve as the background for fields of view selection. Then 60× objective Z-stacks of 0.5 μm at exposure time of 200 ms were taken to set up the best height for quality images. We set a very restrictive algorithm to account a cell as being mitochondria + (ratio spots > 2/spots > 0). We are aware that by applying such a conservative algorithm we might have underestimated the amount of real inner reticulocyte mitochondria content. Notwithstanding, we preferred this scenario as we assumed that these same restrictions would be shared among the different CD71 populations and besides we would skip background.
Results
Mass cytometry: 31 markers within a single RBC
This study uses novel the novel mass cytometry/CyTOF technology to characterize single-cell phenotypes of reticulocytes and mature RBCs from bone marrow to peripheral blood. The current CyTOF methodology for peripheral blood mononuclear cells (PBMCs) was adapted to characterize single RBCs. We used metal-isotope-conjugated antibodies against 31 validated RBC membrane proteins (Table 1 and Supplemental Fig. 1 ) for analysis of eight healthy donors, four Duffy + (1) (2) (3) (4) and four Duffy − (5-8). Prior to analysis, reticulocytes (R1-R8) were separated from mature RBCs (N1-N4) by CD71 immune-magnetic labeling (Fig. 1A) and stained with new methylene blue (NMB). This traditional staining method to define reticulocytes confirmed the CD71 + cells were rich in reticular network in > 95%, while CD71 − mostly corresponded to mature RBCs almost lacking such internal structures and confirming a good isolation efficiency. Yet, we were sometimes able to detect marginal levels of CD71 (although 100 times lower than reticulocytes) in some mature RBCs attributed to minor reticulocyte contamination in the N samples as also referred by others [27] . For CyTOF background signal control during RBCs gating strategy (Fig. 1B) , we used BIP, a Plasmodium spp. specific C-terminal peptide epitope involved in endoplasmic reticulum retrograde trafficking. BIP is absent in human RBCs and was used as a negative control to set the detection threshold of 10
1 . Importantly, the reactivity of all 31 antibody markers showed very high reproducibility in biological replicates between donors. Indeed, reticulocytes and mature RBCs within an individual were more different than reticulocytes between donors, as shown with lower level of CyTOF signal correlations of markers between N1-N4 compared to R1-R8 (Fig. 1C-D) . The intercellular heterogeneity of CD71 in the samples reflects the different maturation state of the whole subset of reticulocyte within an individual sample based on the internalization and later sorting of the transferrin receptor via the exosomal pathway.
The current CD71 reticulocyte maturation model is captured by mass cytometry
To better understand reticulocyte maturation, we used CyTOF to compare expression levels of 31 RBC markers in reticulocyte maturation stages based on CD71 intensity. We classified reticulocytes from R1-R4 samples in 2 groups based upon CD71 intensity for peripheral blood (< 400 & > 400). We then compared both reticulocyte groups to mature RBCs from N1-N4 samples, in a total of 500,000 single cells (Fig. 2) . In this initial CyTOF analysis the pattern of differences for our diverse set of RBC markers was consistent with the expected CD71-based maturation model. For the RBC maturation process, CyTOF results on single-cell reticulocytes showed a progressive decreased (p < 0.001) levels of CD36, as expected, as well as for CD98, CD44, CD151, CD81 and CD82. In contrast, a significantly and more accentuated decreased (p < 0.001) levels of CD49d was found between cells with higher and lower surface expression levels of CD71 (< 400 & > 400) (Fig. 2) . We next investigated whether peripheral blood reticulocytes might still retain some of their macrophage-interacting proteins, such as CD51-61, CD106, CD163 and EMP-Maea, together with other erythroblast counterparts such as CD99 and CD242. Our results show that peripheral blood reticulocytes do not appear to retain their macrophage interacting proteins, as only minimal levels of expression of EMP-Maea and CD51-61 could be detected (Fig. 2) . Moreover, even in the most immature reticulocytes (CD71 > 400), very low levels of CD106 and CD163 are present (Fig. 2 ). An overall surface similarity with no significant differences was observed when we compared between Duffy + and Duffy − reticulocytes (Supplemental Fig. 2 ).
Reticulocyte markers follow distinct patterns of disappearance during maturation
The high-dimensional nature of mass cytometry data and CYTOF capability to study the expression of > 30 markers enables simultaneous analysis of multiple proteins on individual cells (Fig. 3) . We observe that a cluster of immature RBC markers follows a faster decreasing pattern as reticulocytes progress to mature RBCs (Fig. 3A) . Combinatorial analysis of the expression of these markers showed a correlation among themselves in the reticulocyte population (Pearson's In contrast, some other markers (CD47, CD99, CD238, CD44, CD234, CD55, CD151, CD82 and CD58) show a smoother decreasing expression. These markers are also correlated among themselves in both reticulocyte and mature RBCs (Pearson's r > 0.8) (Fig. 3B) . To demonstrate how mass cytometry substantially adds to the study of reticulocyte maturation, we performed a multidimensional analysis using Spanning-tree Progression Analysis of Density-normalized Events (SPADE) and interestingly noted that reticulocytes populations are heterogeneous (Fig. 3C) . 
Higher CD49d expression in bone marrow-derived reticulocytes
We extended our CyTOF analysis to the most immature reticulocytes hosted in the human bone marrow to further analyze the very initial steps of reticulocyte maturation. We selected bone marrow reticulocytes through an initial filtration step to get rid of nucleated WBCs as well as nucleated erythroid precursors; and by subsequent CD71 immune-magnetic labeling for reticulocyte enrichment (Fig. 4A) . We obtained a similar phenotype as for peripheral circulation reticulocytes (Fig. 4B) ; yet, levels of CD15, CD51-61, CD111 and importantly for CD49d were clearly increased. This is consistent with an earlier developmental step of erythroid cells (Fig. 4C ) and accounts for the lower level of CyTOF signal correlations of markers between R1-R4 compared to BM reticulocytes (Supplemental Fig. 3 ). We further confirm higher expression of CD49d in the more immature CD71
hi FACS-sorted reticulocytes from peripheral blood by flow cytometric analysis (Supplemental Fig. 4 ) (as previously observed by CyTOF for reticulocytes with CD71 intensity > 400).
Dramatic changes in the expression of CD49d after erythroblast enucleation
To further demonstrate the fast disappearance pattern of CD49d, very early in reticulocyte maturation, we studied enucleation on erythroblasts ( Fig. 5A-C) at different time points in several independent Hematopoietic Stem Cell (HSC) in vitro cultures (n = 8 for days 14, 15, 16 and 18 and n = 5 for day 17) (Fig. 5D ). Through filtration, we separated nucleated HSC-cultured cells from non-nucleated ones at the peak enucleation on days 14 and 15 (Supplemental Fig. 5 ). We noted that CD49d expression promptly disappeared after enucleation (Fig. 5E) . In contrast there were no changes or a slight increase in the expression of CD44 and CD36. Altogether, it re-enforces the expression pattern observed in our CyTOF results for bone marrow-derived reticulocytes. This indicates that CD49d is fast cleared after enucleation while other reticulocyte markers may be lost further ahead during the 40 h reticulocyte maturation in peripheral (as modeled in Supplemental  Fig. 6 ).
Mitochondria content is lost at very early stages of reticulocyte maturation
Reticulocytes are known to contain remnants of organelles such as ribosomes, ER, Golgi apparatus and mitochondria. We have studied whether this mitochondrial content disappears progressively during maturation or in contrast it is restricted to the fast events occurring at the very early steps. We analyzed the mitochondrial content of different peripheral blood CD71-FACS-sorted populations of reticulocytes (CD71 low , CD71 med and CD71 hi ) by flow cytometry (Fig. 6A) . Mitochondria content seemed to be exclusively present on very immature CD71 hi reticulocytes in peripheral blood. We further explored the fast mitochondria clearance by employing a micro-engineered micro-well device (MWD) (Fig. 6B-C) . A very conservative algorithm applied to the images that we obtained by High Content Imaging (HCI) (Fig. 6D-E) on different individual CD71 FACS-sorted population of cells confirmed that mitochondria is rapidly lost very early in reticulocyte maturation (Fig. 6F ).
Discussion
Fully understanding the complex mechanism underlying the final stages of erythroid maturation remains of vital importance in many fields of study. Research on reticulocytes has become very important for the study of many hematologic diseases such as sickle cell disease [28] ; and especially for hemotropic infectious diseases, with malaria being the most relevant [29] [30] [31] . Resolving the complexity of specific interactions mediating tropisms for each pathogens entry mechanism into RBCs is of major importance [32, 33] . This may reveal new candidate targets to experimentally clarify invasion pathways in the case of Plasmodium species.
We have used and validated Mass Cytometry [34, 35] for the first time to capture the changes in surface complexity within single-cell RBC maturation and perform combinatorial expression and multidimensional analysis highlighting the heterogeneity of the reticulocyte population which deserves further insight. We have looked in depth into some markers hallmark of RBC immaturity. Of interest, CyTOF showed that CD49d, the leading hit of a cluster of fast disappearing reticulocyte markers, is more expressed in bone marrow-derived reticulocytes compared to peripheral blood; and within peripheral circulation uniquely in the most immature CD71 hi reticulocytes (that, although in low quantity, were present in peripheral blood). Our data on a fast disappearance pattern of CD49d right after enucleation is syntonic with already published data on the most immature reticulocytes releasing exosomes bearing CD49d [36] . Interestingly these nano-vesicles are able to bind to fibronectin and vascular cells through CD49d [37] , which promotes it as a promiscuous ligand to be studied in bloodborne diseases. Although interested on other heterodimeric members of the CD49 family (CD49a, CD49b, CD49c and CD49e), we could not provide additional insight; nonetheless, CD49a also showed higher levels of expression in the bone marrow.
Markers from the tetraspanins family CD151, CD81 and CD82 were also increasingly expressed in very immature reticulocytes from both, bone marrow and peripheral blood; yet, its lost is not as pronounced as for CD49d so to hold them responsible for specific young reticulocytes preferences [29, 30] . Nonetheless, tetraspanins are scaffold transmembrane proteins providing stability and molecular density [38] . Interestingly, CD82 and CD81 can be found co-localizing with CD49d in the surface of reticulocytes. Moreover, tetraspanin-enriched micro-domains have been described as functional units in cell plasma membranes [39] and several studies have implicated their role on the entry of microbial pathogens [40] [41] [42] , and of interest in HIV [43] . CD81 is also essential in the entry of rodent malaria parasites into hepatocytes [44] . Therefore, it seems reasonable that the involvement of CD49d, alone or together with tetraspanin microdomains, upon alternative invasion pathways or special tropisms of P. vivax for immature reticulocytes should be further investigated. Likewise, we show that mitochondria are preferentially found in very immature reticulocytes. Future mechanistic studies on the correlation of other RBC proteins with mitochondrial content should further serve as hypothesis generating. Yet, we speculate that mitochondria could aid buffering the increase of reactive oxygen species within reticulocyte generally happening after mitophagy, with its consequent damage in cellular components [16] . This may be beneficial for P. vivax progress within the sexual cycle once it has invaded its preferential target cell.
In summary, the state of the art phenotyping technology mass cytometry can be readily used for the in-depth characterization of the erythroid lineage both upstream and downstream of orthochromatic erythroblasts. Being able to apply this strong phenotyping technique to RBCs can broaden our understanding of the complex events taking place at different stages during erythropoiesis and can be useful to decipher especial host tropisms, as well as a yet to be discovered specific receptor-ligand interactions, for P. vivax [45] .
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